

























































Pyridine-based Liquid-Phase Synthesis of Crystalline TiN
and ZnSiN2 Nanoparticles
Alexander Egeberg,[a] Olivia Wenzel,[b] Radian Popescu,[b] Dagmar Gerthsen,*[b] and
Claus Feldmann*[a]
TiN and ZnSiN2 nanoparticles are obtained via a novel pyridine-
based synthesis route. This one-pot liquid-phase route strictly
avoids all oxygen sources (including starting materials, surface
functionalization, solvents), which is highly relevant in regard of
the material purity and material properties. Colloidally stable
suspensions of crystalline, small-sized TiN (5.4�0.4 nm) and
ZnSiN2 (5.2�1.1 nm) are instantaneously available from the
liquid phase. Elemental analysis and electron energy loss
spectroscopy confirm the purity of the compounds and
specifically the absence of oxygen. The as-prepared ZnSiN2
show yellowish emission (500-700 nm) already at room temper-
ature with its maximum at 570 nm.
1. Introduction
Metal nitrides are most often prepared either by nitridation, i. e.
redox reaction of a zero-valent metal with nitrogen, or by
ammonolysis, i. e. acid-base reaction of a metal compound
(most often metal oxides) with ammonia.[1] These approaches
are hampered in the first case by the inertness of N2 and in the
second case by the difficulty to completely deprotonate the
already basic NH3. High temperatures (600–1500 °C) are usually
required to perform the reactions, and impurities due to
residual metal or metal oxides often cannot be avoided.
Aiming at metal nitride nanomaterials is even more
challenging in comparison to bulk compounds, since the high
temperatures needed for nitridation and ammonolysis are
counterproductive to the formation of uniform, non-agglom-
erated nanoparticles.[1] Here, alternative synthesis strategies
need to be explored and, for instance, comprise the thermal
decomposition of nitrogen-rich precursors (e.g., silazanes,
azides)[1,2] or ammonothermal reactions in supercritical NH3 at
high temperature and high pressure (up to 600 °C and
500 MPa).[3] Beside the realization of high-quality nanoparticles
with narrow size distribution and low agglomeration, purity and
crystallinity are additional challenges when aiming at metal
nitride nanoparticles. Oxide impurities, which can be often not
avoided when using oxygen-containing starting materials (e.g.,
metal hydroxides, metal nitrates, urea) can significantly deterio-
rate the material properties of metal nitrides even on a level of
some hundred ppm.[4] To develop the full potential in regard of
their material properties, moreover, the metal nitrides need to
be crystalline, which results in conflicting requirements for
synthesis. Thus, high temperatures are needed to promote the
crystallinity, whereas low temperatures are required to guaran-
tee a good size control and a low level of agglomeration.[5]
On the search of new liquid-phase synthesis strategies, we
could recently show that nanoparticles of zero-valent metals
(e.g., Fe(0), Mn(0), V(0))[6] as well as transition metal nitrides
(e.g., Ni3N, Cu3N) can be realized via a liquid-phase synthesis
using pyridine.[7] Based on the promising results, we here
present the pyridine-based one-pot synthesis of TiN and ZnSiN2
nanoparticles. Both are highly interesting in regard of their
semiconductor-type properties, specifically including optical
and catalytic features.[8] They also stand exemplarily for group 4
and group 14 metal nitride semiconductors.
2. Results and Discussion
2.1. Pyridine-Based Synthesis
TiN and ZnSiN2 were exemplarily selected to explore the
potential of the pyridine-based synthesis, since both com-
pounds are interesting in regard of their material properties
and since their synthesis as high-purity, high-quality nano-
particles is not possible so far. TiN nanoparticles were reported
to be used for photocatalytic water splitting and
electrocatalysis,[8c,9] as anode materials in high-power
batteries,[10] or as plasmonic absorber.[8a,b,11] ZnSiN2 is a highly
promising semiconductor material for LEDs and specifically to
replace the highly expensive GaN.[8d,e] In regard of the synthesis
of nanoparticles, TiN was yet predominately prepared by
ammonolysis of suitable precursors (e.g., TiO2, TiCl4, Ti(NMe2)2)
at high temperatures (�500 °C),[12] by reaction of azides with Ti-
alkoxides or TiCl4,
[13] or via gas-phase methods (e.g., laser
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ablation, plasma deposition).[14] ZnSiN2 was yet only prepared as
microcrystalline powder and bulk sample, typically using high-
pressure methods and/or ammonothermal synthesis.[15]
Based on this situation, TiN and ZnSiN2 are interesting
candidates to probe the potential of the pyridine-based syn-
thesis route. Accordingly, TiCl4 and KNH2 as base were dissolved
in pyridine to form a suspension of TiCl4(Py)2 and thereafter
heated in an autoclave for 6 h at 300 °C. The formation of TiN
can be directly visualized by the color change from a colorless
TiCl4(Py)2 suspension to a deep black TiN suspension (Figure 1a).
A similar reaction of ZnCl2, SiCl4 and KNH2 was not successful
and only resulted in amorphous Si  N  H species that turned to
Si3N4 after sintering at 600–800 °C. This can be ascribed to the
different acidity of ZnCl2 and SiCl4 as well as to the different
solubility and stability of the zinc amide and silicon amide
intermediates. As an alternative, we have selected the molecular
single-source precursor [Zn{Si(NMe2)2(NHCMe3)(NCMe3)}(μ-
NC5H4)]2, which was prepared following a recipe given by
Jansen et al. (SI: Figures S1,S2).[15d] Thus, the single-source
precursor was heated in an autoclave for 1 h at 280 °C and
resulted in a colorless suspension of ZnSiN2 nanoparticles
(Figure 1b). Here, it needs to be noticed that low quantities of
elemental zinc were observed in some samples,[15d] which
precipitates in the form of large particles (>100 nm). In sum,
the synthesis of TiN and ZnSiN2 can be rationalized based on
the following reactions:
TiN : TiCl4 þ 4 KNH2 ! TiðNH2Þ4 þ 4 KCl
3 TiðNH2Þ4 ! TiNþ 8 NH3 þ 2N2
ZnSiN2 : ½ZnfSiðNMe2Þ2ðNH
tBuÞðNCtBuÞgðm-C5H4NÞ�2 !
2 ZnSiN2 þ 4 NMe2
tBuþ 2 C5H5N
Subsequent to synthesis, the TiN and ZnSiN2 nanoparticles
were purified by repeated centrifugation/redispersion in/from
methanol (to remove KCl) or pyridine (to remove NMe2
tBu).
Finally, the nanoparticles can be easily redispersed in pyridine
or toluene to obtain colloidally stable suspensions, or they were
dried in vacuum to obtain powder samples. Powder samples of
deep black TiN and colorless ZnSiN2 were obtained with yields
of 90–95% and can be redispersed in pyridine or toluene with
1–5 mg/mL.
Specific advantages of the novel pyridine-based approach
relate to the absence of all oxygen sources (e.g. starting
materials, surface functionalization, solvent) in the synthesis to
strictly avoid oxide impurities. Even on a ppm-level, such oxide
impurities could deteriorate the material properties and hamper
the crystallization of the nitrides. Moreover, heating in pyridine
to 280–300 °C turned out to be suitable to crystallize the metal
nitrides instantaneously in the liquid phase. Finally, the
moderately coordinating properties of pyridine and its weakly
alkaline behavior allow controlling the particle nucleation and
promote the ammonolysis at low temperature.[6,7]
2.2. Particle Size and Material Crystallinity
Particle size, size distribution and particle shape of the as-
prepared TiN and ZnSiN2 nanoparticles were determined by
dynamic light scattering (DLS) and transmission electron micro-
scopy (TEM). Thus, re-dispersed nanoparticles in pyridine exhibit
mean diameters of 5.4�0.4 nm for TiN and 5.2�1.1 nm for
ZnSiN2 (Figure 2). Overview TEM images of both compounds
show rather uniform nanoparticles with particle sizes clearly
below 10 nm (Figure 3a,d). High-resolution transmission elec-
tron microscopy (HRTEM) images, furthermore, confirm particle
sizes of about 4–6 nm for TiN and ZnSiN2 (Figure 3b,e). This size
is in agreement with the slightly larger hydrodynamic diameter
obtained from DLS analysis.
HRTEM images of the TiN and ZnSiN2 nanoparticles clearly
show pronounced lattice fringes that indicate the crystallinity of
the as-prepared nanoparticles (Figure 3b,e). The observed
lattice distances of 2.1 Å (TiN) and 2.5 Å (ZnSiN2) are well
compatible with the bulk compounds (d200 of bulk-TiN: 2.13 Å;
d002 of bulk-ZnSiN2: 2.54 Å).
[15d,16] Fourier transformations of the
HRTEM images confirm the crystallinity of the as-prepared
nanoparticles and are in accordance with the cubic lattice
symmetry of NaCl-type TiN (space group Fm-3 m) and the
wurtzite-type ZnSiN2 (space group P63mc) (Figure 3c,f).
Besides single nanoparticles on TEM images, the crystallinity
of the as-prepared TiN and ZnSiN2 nanoparticles was as well
validated for powder samples by X-ray powder diffraction (XRD)
for a statistically relevant number of nanoparticles (Figure 4).
Figure 1. Schematic synthesis of TiN and ZnSiN2 nanoparticles via a one-pot
liquid-phase synthesis in pyridine.
Figure 2. Particle size and particle size distribution of the as-prepared TiN
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Although the as-prepared nanoparticles show only weak
scattering intensities, the most intense Bragg reflections are
clearly visible as broad, low intensity peaks. Broad peak width
and low intensity, in fact, are to be expected in view of the
small particle and crystallite sizes of a few nanometers.
Subsequent to sintering at 800 °C (TiN) and 500 °C (ZnSiN2), the
Bragg peaks of TiN and ZnSiN2 are clearly visible (Figure 4).
Although the particle size was significantly increased subse-
quent to sintering, X-ray diffraction patterns nevertheless
confirm the purity of the title compounds and the absence of
impurity phases (especially of metal oxides), which would have
been crystallized by sintering as well.
In sum, HRTEM and XRD prove the crystallinity of the as-
prepared TiN and ZnSiN2 nanoparticles. Taking the slow solid-
state diffusion in nitrides into account, this high crystallinity is
surprising in view of the low temperature of synthesis (280–
300 °C). Typically, completion of the ammonolysis and crystal-
lization of metal nitrides require significantly higher temper-
atures (�600 °C). Moreover, a liquid-phase synthesis of crystal-
line TiN and ZnSiN2 nanoparticles with a diameter below 10 nm
was not reported so far.
2.2.1. Phase Purity
Since the realization of high-purity metal nitride nanoparticles
is a specific challenge, which is highly relevant in regard of the
material properties, we have especially addressed the phase
purity of the as-prepared TiN and ZnSnN2 nanoparticles. In this
regard, Fourier-transform spectroscopy (FT-IR), elemental analy-
sis (EA), energy-dispersive X-ray spectroscopy (EDXS) and
electron-energy loss spectroscopy (EELS) were performed.
FT-IR spectroscopy is an indicative tool to validate the
completion of the ammonolysis and to evaluate the surface
conditioning of the as-prepared nanoparticles (Figure 5). As
expected, the characteristic vibrations of pyridine are observed,
which can be ascribed to pyridine attached to the surface of
the nanoparticles. The absence of N  H and O  H vibrations,
moreover, indicates the completeness of the ammonolysis (i. e.
absence of amides and imides) as well as the exclusion of any
hydrolysis (i. e. absence of hydroxides) (Figure 5). All in all, FT-IR
spectroscopy also confirms the purity of the TiN and ZnSiN2
nanoparticles with only pyridine remaining as a surface
capping.
EA (N/C/H analysis) points to significant amounts of nitro-
gen as well as minor amounts of carbon and hydrogen
(Table 1). With the metals (Ti, Zn+Si) representing the remain-
ing part, the composition is well in agreement with TiN and
ZnSiN2. This is specifically indicated by the ratio of atoms, which
is close to the expected ratios of Ti :N=1 :1 and (Zn+Si) :N=
1 :1 (Table 1). It should be noted that the C :H ratios of 11 :1
(TiN) and 12 :1 (ZnSiN2) relate to pyridine (C :H=12 :1), which
again confirms the surface functionalization of the nano-
particles with pyridine. Due to the presence of pyridine, finally,
the amount of the metal atoms is slightly smaller and the
nitrogen content slightly larger than calculated (Table 1). More-
Figure 3. Particle size and crystallinity of the as-prepared TiN and ZnSiN2
nanoparticles: a) High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) overview and b) HRTEM images of TiN;
c) FT analysis of the HRTEM image in (b) along the [011] zone axis; d) TEM
overview and e) HRTEM images of ZnSiN2, f) FT analysis of the HRTEM image
in (e) along the [100] zone axis.
Figure 4. Crystallinity of TiN (a) and ZnSiN2 (b) nanoparticles according to
XRD after synthesis and after sintering (TiN at 800 °C in vacuum; ZnSiN2 at
500 °C in NH3 atmosphere) with references diffractograms (TiN: ICDD-No. 01-
071-0299;[16] ZnSiN2: CSD-No. 412711, powder diffractogram calculated from
data of single-crystal structure analysis).[15d]
Figure 5. FT-IR spectra of TiN (a) and ZnSiN2 (b) nanoparticles with spectrum
of pure pyridine as a reference (transmission of reference spectrum with
arbitrary units).
Table 1. Composition of TiN and ZnSiN2 nanoparticles according to









N 21.0 22.6 22.7 23.0
C 5.4 0 4.6 0
H 0.5 0 0.4 0
Remain 73.1 (Ti) 77.4 (Ti) 72.3 (Zn+Si) 76.9 (Zn+Si)
Ratio[a] 0.96 (Ti :N) 1 (Ti :N) 1.08 (ZnþSiN ) 1 (
ZnþSi
N )
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over, EDXS indicates a Ti :N ratio of 0.9 : 1 and a Zn : Si :N ratio
of 1.1 : 1.0 :2 (scaled on nitrogen), which is well in agreement
with the expected ratios of 1 :1 and 1 :1 : 2, respectively.
Finally, the purity of the as-prepared TiN nanoparticles was
exemplarily examined by EELS. Due to the good energy
resolution, EELS is a powerful tool to probe the presence of
crystalline titanium oxide phases. Specifically, the fine structure
of the core loss ionization edges (ELNES: electron-loss near-
edge structure) contains information related to unoccupied
electronic states and the local atomic environment, which
facilitates the distinction between amorphous and different
crystalline phases. The EELS spectrum of agglomerated TiN
nanoparticles show clearly separated C-K, N-K, Ti-L2,3, and O-K
ionization edges in the energy loss range between 280 and
575 eV (Figure 6a,b). The C-K and O-K edges are similarly
observed in the EEL spectrum of the Lacey carbon film
(Figure 6c). The pronounced O-K edge of the Lacey carbon film
suggests that O in the spectrum of the TiN particles does not
result from a crystalline titanium oxide phase but from an
oxygen contamination of the carbon support film.
Energy position and shape of the N-K edge are in good
agreement with literature data of bulk-TiN and indicate the
crystallinity and purity of the as-prepared nanoparticles.[17] In
particular, the ELNES of the N-K edge (Figure 7) can be assigned
to electronic states of TiN using previous studies of cubic
TiN.[17,18] Specifically, the double-peak structure at energy losses
of 401/403 eV corresponds to the t2g (401 eV) and eg (403 eV)
states of unoccupied N-2p levels hybridized with Ti-3d states
(Figure 7: peaks 1+2,). The broad peak at 408–415 eV indicates
unoccupied N-2p states hybridized with Ti-4 s and Ti-4p states
(Figure 7: peak 3).[17] Peaks 4 and 5 are also present in the N-K
edge measured by Kihn et al..[17]
2.2.2. Material Properties
Based on the successful realization of crystalline TiN and ZnSiN2
nanoparticles via the novel pyridine-based synthesis, we have
exemplary addressed the optical properties of ZnSiN2. First of
all, the as-prepared ZnSiN2 nanoparticles were evaluated by
ultraviolet/visible (UV/Vis) spectroscopy (Figure 8a). Here, strong
absorption is observed below 350 nm with certain tailing up to
550 nm. A Tauc plot indicates an indirect optical band gap of
3.2 eV (Figure 8b). This value is below values reported for bulk-
ZnSiN2 obtained via ammonothermal synthesis (3.6–
3.7 eV),[15b,19] but well in agreement with calculated data
(3.2 eV).[20] Additional low-intensity energy states are again
observed within the band gap (so-called Urbach tailing)[21] and
Figure 6. EEL spectra of agglomerated TiN nanoparticles: a) HAADF-STEM
image; b) EEL spectrum acquired in red frame in (a); c) EEL reference
spectrum acquired in white frame in (a) on the amorphous carbon support
film.
Figure 7. EELS spectrum of the N-K edge of the as-prepared TiN nano-
particles with specific structural features indicated by red numbers (black
line: experimental data, red line: smoothed curve).
Figure 8. Optical properties of the as-prepared ZnSiN2 nanoparticles: a) UV-Vis spectrum, b) Tauc plot to obtain the band gap; c) excitation and emission
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can be related most probably to surface states of the small-
sized nanoparticles. Despite of these defect states, visible
emission is already visible at room temperature. Thus, emission
spectra indicate broad, yellowish emission in the 500-to-700 nm
range with its maximum at 570 nm (Figure 8c). Excitation
spectra, moreover, show valence-band-to-conduction-band ab-
sorption below 400 nm. Such visible emission of ZnSiN2 nano-
particles is observed for the first time and even more
remarkable when considering the small size of 4 nm of the
nanoparticles. Upon band-gap excitation at 340 nm, the TiN
nanoparticles exhibit a quantum yield of about 10% for the
yellow emission. This is a typical value for semiconductor-type
luminescence without establishing specific donor-acceptor
levels. Since the feasibility of the pyridine-based synthesis has
been now demonstrated in principle, additional measures such
as selected doping and/or core-shell structures can promote a
further significant increase of the emission intensity of the
ZnSiN2 nanoparticles.
3. Conclusions
Metal nitride nanoparticles not only require uniform size and
low degree of agglomeration, but also high purity and high
crystallinity to develop their potential of their material proper-
ties. Conventional methods, on the one hand, suffer from the
low reactivity of N2 (for nitridation reactions) or the high basicity
of NH3 (for ammonolysis reactions). Moreover, oxygen impur-
ities, which can deteriorate the material properties even on a
ppm level, can hardly be avoided if oxygen-containing
components (e.g. starting materials, surface functionalization,
solvents) are applied for synthesis. These limitations are here
addressed with a novel pyridine-based synthesis and probed in
regard of TiN and ZnSiN2 nanoparticles as exemplary metal
nitrides.
With this pyridine-based one-pot strategy, crystalline TiN
and ZnSiN2 nanoparticles can be instantaneously obtained from
the liquid phase, resulting in colloidally stable suspensions of
TiN (5.4�0.4 nm) and ZnSiN2 (5.2�1.1 nm). Elemental analysis
and electron energy loss spectroscopy confirm the purity of the
compounds and specifically the absence of oxygen. The as-
prepared ZnSiN2 nanoparticles show yellowish emission (500–
700 nm) even at room temperature. All-in-all, a liquid-phase
synthesis of crystalline TiN and ZnSiN2 nanoparticles with
particle sizes <10 nm is here shown for the first time. In
addition to the group 4 and 14 metal-nitride semiconductors
TiN and ZnSiN2 as examples, the pyridine-based synthesis route
is of general relevance for the synthesis of crystalline, high-
purity metal nitride nanoparticles and their material properties.
Experimental Section
General
All experiments and sample handling were performed under inert
gas (argon) using standard Schlenk techniques and glove boxes.
This explicitly also includes all centrifugation and purification
procedures. Specifically important is the preparation of the metal
nitride nanoparticles for TEM analysis and the transfer into the
electron microscope, which require handling in glove boxes and
use of suitable transfer modules.
Materials
Pyridine (ABCR, 99%) was refluxed for three days and freshly
distilled over CaH2. Methanol (Sigma-Aldrich, 99.5%) was refluxed
over Mg for three days. KNH2 was synthesized by reacting
potassium (Riedel-de-Haёn, 99%) in liquid ammonia (Air Liquide,
99.98%) at   50 °C using Fe2O3 as catalyst, followed by filtering and
drying in vacuum. Titanium(IV)chloride (Sigma-Aldrich, 99.9%) was
used as purchased. [Zn{Si(NMe2)2(NHCMe3)(NCMe3)}(μ-NC5H4)]2 was
prepared as reported by Jansen et al. (SI).[15d]
Synthesis of TiN Nanoparticles
0.05 ml of TiCl4 were added to 20 ml of pyridine in an titanium
autoclave (Parr Instruments, USA), resulting in a yellow suspension
of TiCl4(Py)2. Subsequently to the addition of 95 mg of KNH2, the
autoclave was deposited in a pre-heated heating jacket (300 °C).
This temperature was kept for 6 hours. Thereafter, heating was
stopped and the autoclave was allowed to cool to room temper-
ature. As a result, a deep black suspension was obtained. The TiN
nanoparticles were purified by repeated centrifugation/redispersion
in/from methanol (25.000 U/min, 55.201 g). They can be easily
redispersed in pyridine or dried in vacuum to obtain powder
samples.
Synthesis of ZnSiN2 Nanoparticles
About 100 mg of [Zn{Si(NMe2)2(NHCMe3)(NCMe3)}(μ-NC5H4)]2 were
dissolved in 10 ml pyridine and transferred into an titanium
autoclave (Parr Instruments, USA). The autoclave was deposited in a
pre-heated heating-jacket (280 °C). This temperature was kept for
one hour. Thereafter, heating was stopped and the autoclave was
allowed to cool to room temperature. As a result, a colorless
suspension was obtained. The ZnSiN2 nanoparticles were washed
by repeated re-dispersion/centrifugation (25.000 U/min, 55.201 g)
in/from pyridine. Thereafter, the ZnSiN2 nanoparticles can easily be
re-dispersed in pyridine or dried in vacuum in order to obtained
powder samples. Optional sintering was performed at 500 °C in NH3
atmosphere.
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Crystalline TiN and ZnSiN2 nanopar-
ticles, 4–6 nm in diameter, were
obtained via a novel one-pot
pyridine-based liquid phase synthesis,
which could become suitable for
many metal nitrides.
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